The final stage in exocrine secretion involves translocation of vesicles from their storage areas to the apical membrane. We show that actin-coated secretory vesicles of the exocrine pancreas travel this distance over bundles of specialized actin cables emanating from the apical plasma membrane. These bundles are stable structures that require constant G-actin incorporation and are distinct from the actin web that surrounds the exocrine lumen. The murine mammalian Diaphanous-related formin 1 (mDia1) was identified as a generator of these cables. The active form of mDia1 localized to the apical membrane, and introduction of an active form of mDia1 led to a marked increase in bundle density along the lumen perimeter. Compromising formation of the cables does not prevent secretion, but results in disorganized trafficking and fusion between secretory vesicles. Similar apical secretory tracks were also found in the submandibular salivary glands. Together with previous results that identified a role for Diaphanous in apical secretion in tubular organs of Drosophila, the role of Diaphanous formins at the final stages of secretion appears to be highly conserved.
The final stage in exocrine secretion involves translocation of vesicles from their storage areas to the apical membrane. We show that actin-coated secretory vesicles of the exocrine pancreas travel this distance over bundles of specialized actin cables emanating from the apical plasma membrane. These bundles are stable structures that require constant G-actin incorporation and are distinct from the actin web that surrounds the exocrine lumen. The murine mammalian Diaphanous-related formin 1 (mDia1) was identified as a generator of these cables. The active form of mDia1 localized to the apical membrane, and introduction of an active form of mDia1 led to a marked increase in bundle density along the lumen perimeter. Compromising formation of the cables does not prevent secretion, but results in disorganized trafficking and fusion between secretory vesicles. Similar apical secretory tracks were also found in the submandibular salivary glands. Together with previous results that identified a role for Diaphanous in apical secretion in tubular organs of Drosophila, the role of Diaphanous formins at the final stages of secretion appears to be highly conserved.
actin polymerization | secretion tracks | pancreatic acini E xocrine tissues such as the exocrine pancreas, the lacrimal glands and the salivary glands are professional secretory organs. They produce, store, and secrete proteins into a coalescing set of tubes. Exocrine tissues display a common morphological architecture, in which a few cells cluster to form a lobe that shares a joint lumen. These lobes are named acini ("grapes" in Latin), and each acinus is composed of 6-15 cells. Acinar cells form a highly polarized tubular epithelium. Such polarity is essential for generation of junctions between the cells and for directing secretion to the apical, luminal surface (1) (2) (3) .
Pancreatic acinar cells contain hundreds of zymogen vesicles, which condense and mature along their trafficking route to the apical surface (4) . These secretory vesicles are separated from the apical plasma membrane by a dense actin network, termed the "terminal web" (5, 6) . In addition, several secretion-supporting roles have been assigned to subapical actin. Secretory vesicles undergo actin coating before fusing to the apical membrane, which has been implicated in vesicle stabilization and expulsion of vesicle content into the lumen (7) (8) (9) . Finally, actin-dependent endocytosis has been shown to play a role in reducing lumen size following secretion and in recovering membrane material for generating new secretory vesicles (10) . The difficulty of monitoring specific actin-based structures and the distinct and even opposing roles of these different structures have precluded a more detailed mechanistic understanding of the involvement of F-actin in secretion.
Previous work in our laboratory has identified a role for the formin Diaphanous (Dia) in tubular organs of Drosophila embryos. Dia is enriched at the apical membrane of these organs and generates apical F-actin cables, which are critical for trafficking secretory vesicles to the tubular organ lumen (11) . Dia and its mammalian orthologs are dimeric, multidomain proteins (12) . Upon activation by Rho GTPases, they generate linear actin filaments. In the absence of stimulation, interactions between the Dia inhibitory domain and the Dia autoregulatory domain (DAD) maintain Dia formins in an inactive, closed conformation. Rho-GTP binding to the GTPase binding domain of Dia relieves autoinhibition. The formin homology 1 (FH1) and DAD domains of dimerized Dia formins then deliver monomeric actin to the FH2 domains, which elongate and cap the barbed end of the actin filament (13) .
Using live imaging of F-actin in pancreatic acinar cells, we identify a unique structure composed of actin cables. This structure is characterized by bundles of actin microfilaments emanating from the apical surface, which serve as tracks for transport of secretory vesicles. We propose that these structures are generated by the Dia-related formin mDia1. Activated mDia1 is targeted to the apical membrane of acinar cells, and expression of a constitutively active construct of mDia1 leads to an increase in density of the apical bundles. Compromising the formation of the cables, either by expression of a dominant-negative mDia1 construct or by treatment with latrunculin A (LatA) results in disorganized vesicle trafficking and fusion between them, although overall secretion persists. A central role for Dia-based apical actin cables in vesicle trafficking along the final leg of secretion appears to be an evolutionarily conserved feature, used by diverse secretory organs across different phyla.
Results
Short-Range Transport of Secretory Vesicles over Apical F-Actin Bundles in Exocrine Pancreatic Acinar Cells. To study actin dynamics during exocrine secretion, we used primary cultures of pancreatic acini. In this setup, the murine pancreas is excised and enzymatically digested to yield isolated acini (14) . To follow F-actin dynamics, we used adenoviral infection to introduce Lifeact-GFP (15) , an F-actin probe, into dispersed acini. This tool allowed us to follow the dynamics of F-actin during pancreatic secretion for up to 16 h after infection, at a level of resolution that could not be attained in fixed acinar samples (Fig. 1) . In addition, use of the Lifeact-GFP probe allowed simultaneous visualization of secretory vesicles, as pancreatic zymogen vesicles undergo actin coating shortly before exocytosis (7) (8) (9) .
During live imaging, the apical region of pancreatic acinar cells was identified by its dense concentration of F-actin and by the orientation of fusing vesicles, which move concentrically in adjacent cells toward their joint lumen ( Fig. 1 and Movies S1, S2, and S3). General labeling of cell membranes with a lipophilic dye demonstrates that the apical surface is highly restricted and occupies only a small fraction of the cell circumference ( Fig. 1B and Movie S1). Using the Lifeact-GFP probe, we observed and characterized unique, fine structures of bundled F-actin cables emanating from the apical surface of pancreatic acinar cells ( Fig. 1 B-D′ and Movies S1 and S2). Each bundle extends from a single apical anchorage point inward into the cell. The bundles reach an average length of 3.6 ± 0.9 μm, and the bundle density along the lumen perimeter is 9.6 ± 4.2 bundles per 20 μm (n = 20 lumens). Bundle width cannot be measured accurately, because it is below the resolution limit of the microscope (∼0.25 μm). The bundles were barely detectable in fixed samples by fluorescent phalloidin, the conventional probe for F-actin (Fig. S1 ).
The apical domain of an acinar cell is packed with hundreds of secretory vesicles, only a small fraction of which undergoes exocytosis following stimulation ( Fig. 1 E and E′) (5). By live tracking of actin-coated vesicles, it was possible to monitor individual exocytosis events. Secretion was triggered by addition of 100 pM cholecystokinin (CCK) immediately before imaging. Time-lapse imaging of CCK-stimulated acini showed that actincoated vesicles moved directionally toward the apical surface, and many of them were closely associated with the actin bundles ( Fig. 1D and Movies S2 and S3). Closer examination revealed that pancreatic vesicles follow the bundle outline and move along it toward the lumen without detaching ( Fig. 1F and Movie S4). Actin-coated vesicles traversed over the bundles an average distance of 1.6 ± 0.4 μm, at an average speed of 34.6 ± 10.3 nm/s (n = 40). Each vesicle traveled over a single bundle. Conversely, individual bundles served as tracks for two or more vesicles, even within a short time window of ∼30 s (Fig. 1F and Movie S4). Once vesicles reached the apical membrane, fusion occurred primarily through a single fusion event ( Fig. 1 B-F and Movies S1, S2, S3, and S4) (16) .
Apical Actin Bundles Are Stable Structures with a Rapid Turnover.
The apical bundles appeared to be stable structures that retain a constant length over long imaging periods (>30 min). We therefore sought to determine whether they represent static or dynamic structures. We interfered with actin polymerization by exposing dispersed acini to the G-actin sequestering agent LatA. A moderate dosage (1 μM) of LatA was used to avoid global and adverse effects (see below).
A prominent change that followed actin sequestration was the rapid disappearance of the apical bundles ( Fig. 1G and Movie S5). Within 5 min of LatA addition, no apical actin bundles were detected ( Fig. 1G and Movie S5). These results indicate that the apical bundles are sensitive to the availability of G-actin and require constant incorporation of actin monomers into their filaments. Other actin structures were more stable. For example, F-actin surrounding the vesicles was still apparent, even 10 min after LatA addition.
The persistence of actin coating allowed us to monitor secretory vesicles following elimination of the actin bundles, and therefore to assess the significance of these structures to the secretory process. A notable alteration in vesicle behavior was observed. Instead of reaching and directly fusing with the apical cell membrane, nearly half (47.
different lumens visualized in three independent experiments) (Fig. 1G and Movie S5). This fusion phenotype, known as "compound secretion," is increased dramatically compared with nontreated cells, in which only a minority (13.2 ± 7.2%) of the actin-coated vesicles fuse with one another (n = 100 fusion events, from nine different lumens visualized in seven independent experiments). We propose that this alteration in fusion profile results from the loss of apical actin cables, compromising the efficiency of orderly targeting of vesicles to the apical plasma membrane. The secretion of amylase to the medium was not significantly affected following a short incubation with LatA, implying that the compound secretion bodies can expel their content into the lumen. Interestingly, an intravital study of regulated secretion in acinar cells of murine salivary glands reported a similar fusion pattern shift following treatment with inhibitors of F-actin polymerization (17) .
To monitor the directionality and rate of actin flow in the apical bundles, we recorded a rare event of de novo bundle growth ( Fig. 1 H-J and Movie S6). Growth of the bundle initiated at the apical surface and advanced inward toward the cytoplasm ( Fig. 1 H-J and Movie S6). The bundle reached a final length of 2.7 μm following 36.1 s of growth, at an average rate of 7.5 nm/s. A kymograph plot of this event demonstrates that bundle growth proceeds at a constant rate of elongation (Fig. 1J) . . Acini were then washed, fixed, and stained. Localization of the mDia constructs was revealed using anti-Myc antibodies (red). Although the full-length construct is generally dispersed (G), the mDia1ΔDAD-Myc construct is found close to the apical markers Muc1 (H and I) and ZO-1 (J and K) (gray), and to the apical F-actin (green). (Scale bars, 5 μm.)
Apical Localization of Active mDia1 in Pancreatic Acinar Cells. Next, we were interested in identifying the cellular machinery that generates the apical actin bundles in pancreatic acinar cells. Previous work from our laboratory demonstrated a role for the formin Dia in generation of actin cables that promote secretion from tubular organs of the Drosophila embryo (11). We thus considered mDia proteins, the mammalian orthologs of Dia, as candidates for formation and maintenance of apical actin bundles in acinar cells. Immunofluorescent localization using specific antibodies revealed pronounced expression of mDia1 in acinar cells, but failed to detect expression of mDia2 in these cells ( Fig. 2A and F, respectively) . mDia1 exhibited a general cytoplasmic distribution in the acinar cells, irrespective of CCK stimulation (Fig. 2 A-D′) . However, subjecting the cells to cytoplasmic clearance by permeabilization during the fixation process revealed an apically localized fraction of the endogenous mDia1 protein (Fig. 2 E-E′′) . These observations raised the possibility that an active fraction of mDia1 proteins is apically localized in acinar cells, and is masked by the uniform distribution of autoinhibited molecules (18) . To address this issue, we used adenoviral infection to express in pancreatic acini mDia1ΔDAD, a constitutively active form lacking the inhibitory C-terminal domain, and we monitored its localization. In contrast to the full-length construct mDia1-FL (Fig. 2G) , which like endogenous mDia1 exhibits a uniform distribution, mDia1ΔDAD localized exclusively to the apical plasma membrane, close to the subapical actin layer and to the luminal markers mucin 1 (Muc1) and zona occludens 1 (ZO-1) (Fig. 2 H-K) .
Apical Actin Bundles Are Generated by mDia1. The apical localization of activated mDia1 within acinar cells suggests a causal role in the formation of the actin bundles. To substantiate this relationship, we first assessed the effect of elevated mDia1 activity on the density of apical actin bundles. To this end, an adenovirus harboring the constitutively active mDia1ΔDAD construct was used, along with adenovirus (Ad)-Lifeact-GFP, to coinfect dispersed acini. Infections were carried out at a ratio in which most cells expressing Lifeact-GFP were also infected with the activated mDia1 construct. Control acini were similarly coinfected by Ad-Lifeact-GFP and Ad-red fluorescent protein (RFP).
The apical bundle density was calculated by dividing the number of actin bundles by the length of the lumen perimeter, in lumens formed by three or more Lifeact-GFP-expressing cells, and displaying at least two bundles. When comparing bundle density in control acini with those infected with activated mDia1, a significant difference was observed. While the average density of bundles along the lumen perimeter of control acini was 9.6 ± 4.2 bundles per 20 μm (n = 20 lm), following expression of mDia1ΔDAD the density was increased to 15.9 ± 5.8 bundles per 20 μm (n = 22 lumens, P = 3.9 × 10 −3 ) (Fig. 3A) . To examine whether mDia1 is essential for formation of the actin bundles, we compromised the endogenous activity by infecting the acinar cells with an adenovirus expressing mDia1ΔDAD-I845A, a potent dominant-negative form of mDia1 (19) . This variant bears a substitution of isoleucine at residue 845 to alanine, and was shown to abolish mDia1 actin polymerization activity (19) . Pancreatic acini coinfected with the I845A mDia1 construct, along with AdLifeact-GFP, showed a significantly reduced number of apical actin bundles (3.3 ± 2.6 bundles per 20 μm, n = 15 lumens, P = 2.1 × 10
−3
). In addition, expression of the mDia1 dominant-negative construct led to a pronounced increase in the incidence of compound secretion (39.9 ± 13.3% of total fusion events, n = 113 fusion events, from 12 different lumens visualized in five independent experiments) (Fig. 3 B and C and Movie S7). This observation is in line with the fusion profile alteration that followed the abolishment of the apical bundles by LatA treatment (Figs. 1G and 3B ). Similar to the short LatA treatment, the overall level of amylase secretion was not significantly altered (Fig. 3D) .
We note that the mDia1ΔDAD-I845A construct did not abolish actin coating around secretory vesicles (Fig. 3C) . Both actinrelated protein 3 (Arp3), a subunit of the Arp2/3 complex, and the Arp2/3 activator N-WASp (Neural Wiskott-Aldrich syndrome protein), are highly enriched around actin-coated vesicles (Fig. S2  A and B, respectively) . These observations suggest that in acinar cells, actin coating of secretory vesicles may be mediated by the branched actin nucleation machinery.
Actin Bundles in Submandibular Salivary Acinar Cells. The presence of actin secretion tracks generated by Dia formins in various tubular organs of the fly and in the murine pancreas suggests that this mechanism may be used by a broad range of exocrine tissues. We chose to test whether this molecular machinery is operating in a second mammalian secretory organ, the submandibular salivary glands. Similar to the exocrine pancreas, the acinar structures of these glands can be stimulated by CCK or isoproterenol, and exhibit a prominent subapical layer of actin microfilaments. We thus could use the same ex vivo setup used for pancreatic acini to , respectively. (C ) Time-lapse series of pancreatic acinar cells coinfected with Ad-Lifeact-GFP and Ad-mDia1ΔDAD-I845A stimulated with CCK and depicting compound secretion events (arrows point to two such events). (Scale bar, 5 μm.) (D) Amylase release from acini that were infected with either a control virus (Ad-RFP) or with adenoviruses harboring the mDia1ΔDAD-I845A construct. CCK (100 pM) was added and medium collected after 30 min, to monitor amylase secretion. Results represent the average and SEM of four independent experiments. (Inset) Amylase release from freshly isolated acini treated with DMSO (1 mg/mL) or LatA (1 μM). Acini were isolated and left to recover for 30 min. Acini were then preincubated for 15 min with the indicated reagents and further incubated in the presence of these reagents, with or without optimal CCK concentration (50 pM) (Fig. S3) , for 30 min. Medium collected following the final incubation period was used to monitor amylase release.
assess apical actin organization and mDia1 function in this second secretory organ.
Remarkably, apical actin bundles could be visualized in stimulated salivary acini that were infected with the Ad-Lifeact-GFP virus (Fig. 4 A-C) . As in pancreatic secretion, salivary vesicles undergo actin coating and were found in close association with the apical actin bundles (Fig. 4 B and C) . We next turned to visualize mDia1 localization in these glands. Here again, endogenous mDia1 exhibited a broad cytoplasmic distribution (Fig. 4D) , whereas the constitutively active form mDia1ΔDAD, introduced via adenoviral infection, localized prominently to the apical membrane (Fig. 4 E and E′) . This series of observations closely recapitulates those made in the pancreatic system, and therefore is consistent with a general role for mDia1 in generating F-actin bundles that coordinate the orderly transport of secretory vesicles to the apical membrane.
Discussion
The apical bundles of filamentous actin reported here constitute a unique F-actin structure in acinar cells. Our data suggest that these actin bundles are generated by the formin mDia1, as mDia1 is localized at the apical membrane and bundle density is correlated with mDia1 activity. Importantly, we observe a close association of secretory vesicles with the actin cables, and apparent movement of the vesicles on the cables immediately before their fusion with the plasma membrane.
Involvement of the mDia1-dependent cables in guiding exocrine secretion is suggested by the abnormal behavior of secretory vesicles in cultured pancreatic acini, when cable formation is compromised either through treatment with LatA or following expression of a dominant-negative form of mDia1. Under these circumstances, secretory vesicles, which normally fuse individually with the apical cell surface, are likely to fuse with each other and generate compound, membrane-associated secretory structures. Such compound fusion can be achieved by transfer of fusion components from the apical membrane to exocytosing vesicles, which then serve as extensions of the apical membrane into the granular area (20, 21) . Secretion levels appear unaffected, implying that the compound structures can still secrete their contents to the lumen. The actin cables therefore perform an organizational role in this setting, ensuring orderly fusion of single secretory vesicles to the apical cell membrane.
The manner by which secretory vesicles move over the apical actin cables remains an open question. One possibility is that the vesicles are indirectly "transported" following myosin II-based contraction of the actin network at the apical cell surface. An alternative mechanism is direct transport along the cables via unconventional myosin motors, such as myosin V (Fig. 5) . We favor such a mechanism, because myosin V family motors have been shown to mediate secretory vesicle transport both in Saccharomyces cerevisiae, in which actin cables generated by the formin Bni1-related1 (Bnr1), located at the bud neck, serve as tracks for vesicle transport to the growing bud (22) , and in our previous study of secretion via Dia-generated cables in Drosophila tubular organs (11) . Furthermore, the velocity of vesicle movement over actin bundles that we report is similar to the measured velocity of vesicle transport via myosin Vc, the predominant myosin V isoform in the exocrine pancreas (23, 24) .
In conclusion, our studies demonstrate a role for Dia-family actin nucleators in generating apical actin structures in secretory organs of mice and flies. We propose that these actin structures coordinate the final stages of vesicle secretion in those physiological settings. 
